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Abstract: Today, more than 7 years after the Fukushima accident, when emergency and short-term
measures have been completed, long-term dynamics of radiocesium (r-Cs) in the environment is
becoming more relevant. Detailed analysis of Chernobyl data covering an extended time period can
provide a basis for long-term prediction of changes in environmental radioactive contamination in
Fukushima. Long-term dynamics of radionuclides in surface runoff and rivers is initially governed by
their fixation on mineral particles, while later changes of radionuclide activity concentration in the top
soil layer become of more significance. Both processes are diffusion-based and can be described by
inverse square root of time function. The advantage of the proposed “diffusion-based approach” is that
middle- and long-term phases after the accident can be described by the same equation with same
parameters. Data sets for Chernobyl contaminated rivers Sakhan, Pripyat and Dneper, as well as
available data on r-Cs dynamics in Fukushima contaminated water bodies have been used to test the
model. The proposed semi-empirical approach to describe r-Cs dynamics in rivers and lakes provides
a tool for long-term predictions of rivers and lakes contamination in the future.
Keywords: Fukushima; Chernobyl; radionuclides; rivers; lakes.
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INTRODUCTION

Today, more than 7 years after the Fukushima accident, when emergency and short-term measures
have been completed, long-term dynamics of radiocesium in the environment is becoming more
relevant. In previous studies, major similarities and differences in the behavior of Fukushima and
Chernobyl derived radionuclides in soil-water systems were discussed (Konoplev et al., 2016; Konoplev
et al., 2018). In the paper, the term “radiocesium” is used to denote two radioactive isotopes 137Cs and
134
Cs of accidental origin. Their behavior in the environment is identical, since their physical and
chemical properties and speciation in depositions are the same. We provide results basically for 137Cs
because it has longer half-life, however results and conclusions are valid for both 137Cs and 134Cs.
The differences in climate, geomorphology and r-Cs speciation in fallout were shown to lead to
differences in migration rates of r-Cs in the soil-water environment and natural attenuation rates.
Detailed analysis of Chernobyl data covering an extended time period can provide a basis for long-term
prediction of changes in environmental radioactive contamination in Fukushima. This paper aims to
propose and to test semi-empirical “diffusion-based” model of long-term r-Cs dynamics in surface
waters using available data sets for Chernobyl and Fukushima contaminated areas. Special attention
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is given to particulate r-Cs, considering that this form was not sufficiently addressed in the Chernobyl
case, while playing an important role in r-Cs transport in Fukushima.
2

EMPIRICAL MODELLING RADIONUCLIDE DYNAMICS IN WATER

Temporal changes in radionuclide contamination of surface runoff, rivers and lakes are often described
by a series of exponential functions (Monte, 1995; Monte, 1997; Smith et al., 2004; Smith et al., 2005a;
Smith et al., 2005b). Multiple exponents approach has been used to describe dynamics of dissolved rCs concentrations in rivers, streams and lakes on the territories contaminated after the Fukushima
accident in 2011 (Iwagami et al., 2017; Suzuki et al., 2018).
In the Chernobyl case, the analysis and prediction were focused on dissolved r-Cs, since it was
predominant in the contaminated natural waters and controlling the radionuclide transport. Data on
mass particulate concentration of r-Cs in surface waters were scarce. The data on particulate r-Cs in
the Dneper and Pripyat rivers which we used for analysis were those available from DB “RUNOFF”
(Konoplev et al., 2002). Fig. 1 presents time dependences of particulate 137Cs activity concentrations in
Dneper river near Nedanchichi (A) and in Pripyat river near Chernobyl (B) and their approximation by
an empirical exponential model. Dynamics of particulate 137Cs in Dneper river at Nedanchichi in 19871999 is reasonably described by a single exponent with the effective reduction rate constant λ eff = 0.18
year-1 which corresponds to the environmental half-life of 4.3 years. Time dependence of 137Cs in
Pripyat river near Chernobyl requires at least two exponential functions for approximation: one for period
1987-1991 with λ eff (1987-1991) = 0.6 year-1 and another for period 1991-1999 λ eff (1991-1999) = 0.045
year-1 corresponding to the environmental half-lives 1.2 years and 31.5 years respectively. It is to be
noted that λ eff = λ env + λ , where λ env is the rate constant of particulate 137Cs reduction due to
environmental processes and λ is the rate constant of radioactive decay.

A
B
Fig. 1. Monitoring data on long-term changes of particulate 137Cs in Dneper river at Nedanchichi –
A, and Pripyat river at Chernobyl – B from DB “RUNOFF” (black circles) and their approximation by
an empirical exponential model (line)
In the Fukushima case, the situation is quite the opposite. The r-Cs in Fukushima is much stronger
bound to solid particles of soil and sediments: its distribution coefficients K d in surface waters are 1-2
orders of magnitude higher the values characteristic of the Chernobyl zone (Konoplev, 2015; Konoplev
et al., 2016). As a result the r-Cs transport occurs mainly in the particulate form.
Yoshimura et al., (2016) applied the multiple exponents approach to model the dynamics of particulate
r-Cs in water from paddy field. They have described 3-years’ time dependence of particulate r-Cs by a
double exponential function with the average initial rate constant (for the initial half a year) 14 year-1
and 0.48 year-1 for the for the following two years after the accident.
This empirical model based on multi-exponential description of radionuclide dynamics, however, does
not seem to reflect adequately actual mechanisms underlying changes of radionuclide activity
concentrations in water. The thing is that this approach requires using a number of functions accounting
for short-, middle- and long-term phases after the accident, as well as parameters which are not known
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initially. A good illustration of this is the Fig. 1 in which the dynamics of particulate
are described by different functions and parameters.
3

SEMI-EMPIRICAL “DIFFUSIONAL MODELLING”

3.1

Particulate r-Cs in surface runoff and rivers

137

Cs in two rivers

A major source of suspended matter for surface runoff and rivers is the top layer of catchment soil.
Radionuclide concentration in top soil is decreasing over time due to its vertical migration to deeper
layers. Hence vertical migration in catchment soils is a critical process responsible for a decline in
particulate radionuclide concentration in surface waters. According to the convection-diffusion model
(Crank, 1975; Prokhorov, 1981; Konoplev & Golubenkov, 1991; Konshin, 1992; Ivanov et al., 1997;
Bossew & Kirchner, 2004; Mishra et al., 2016) a change in radionuclide concentration in top soil layer
C s with time is given by the following equation:

𝐶𝐶𝑠𝑠 (𝑡𝑡) =

𝜎𝜎
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where D eff is the effective dispersion coefficient; v is the effective velocity of convective transport; 𝝀𝝀 is
the radioactive decay constant; 𝜎𝜎 is the radionuclide deposition density; t is time.

Time dependence of particulate radionuclide in surface runoff and river water can be described by this
equation with averaged values of D eff and v over the catchment area.
Studies of r-Cs vertical migration in soils of river catchments show that as a rule its transport due to
dispersion is prevails over its convective transport (Konshin, 1992; Ivanov et al., 1997; Konoplev et
al., 2016). Considering that

equation (1) can be simplified as follows:
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The advantage of the proposed semi-empirical “diffusion-based approach” is that all phases after the
accident can be described by the same equation using same physically-based parameters which can
be estimated or determined in field or laboratory studies. Generally decay corrected particulate r-Cs
activity concentrations in surface runoff and rivers should follow inverse square root of time function.
3.2

Dissolved r-Cs in surface runoff and rivers

Dissolved radionuclides in surface runoff and rivers are transferred from soil to water due to cation
exchange. As this takes place, only exchangeable fraction of radionuclide is involved in exchange with
solution. In the course of time after the accident the mobile r-Cs is being fixed with a timescale of several
months (Konoplev et al., 1992; Konoplev et al., 1997; Konoplev & Bulgakov, 2000a), which means that
in case of dissolved r-Cs the two major processes determining its dynamics in surface runoff and river
waters are relatively fast fixation of mobile (exchangeable) form and slow vertical migration in catchment
soils.. As shown earlier, fixation of r-Cs in soil can be considered as diffusion of Cs+ cation into
interlayers of crystal lattice of clay minerals (Bulgakov & Konoplev, 1996; Bulgakov & Konoplev, 2001).
Hence if a radionuclide is deposited in mobile forms (soluble and exchangeable), time dependence of
its exchangeable form is described with a fairly good accuracy by the following equation (Bulgakov et
al., 2002a):

𝛼𝛼𝑒𝑒𝑒𝑒 (𝑡𝑡) = 𝛼𝛼𝑒𝑒𝑒𝑒 (∞)(1 +

𝛿𝛿

√𝑡𝑡

)

(4)

where 𝛼𝛼𝑒𝑒𝑒𝑒 (𝑡𝑡) is the current fraction of exchangeable radionuclide in soil; 𝛼𝛼𝑒𝑒𝑒𝑒 (∞) is the exchangeable
fraction of the radionuclide at equilibrium; 𝛿𝛿 is the soil specific kinetic parameter of radionuclide fixation
(Konoplev & Bulgakov, 2000a):
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𝛿𝛿 =

𝑙𝑙

(5)
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where l is the characteristic thickness of diffusion layer in clay mineral crystal lattice and D s is the
radionuclide diffusion coefficient in mineral solid phase.
It should be noted that the both processes determining long-term dynamics of dissolved r-Cs in surface
runoff and rivers, its faster fixation and a slower decrease of its concentration in top soil layer due to
vertical migration in soil, are diffusion based. In this regard, temporal changes of dissolved r-Cs
concentration in surface runoff and/or river water can be described by the equation as follows
(Bulgakov et al., 2002a; Bulgakov et al., 2004; IAEA, 2006):
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where 𝐾𝐾𝑑𝑑𝑒𝑒𝑒𝑒 is the exchangeable distribution coefficient characterizing equilibrium distribution of
exchangeable fraction of radionuclide between the solid phase and solution (Konoplev & Bulgakov,
2000b). For longer times when equilibrium between exchangeable and nonexchangeable forms of r-Cs
is reached and when condition (2) is valid the equation can be simplified as follows:

3.3
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Typical dynamics of 137Cs vertical distribution in soil of the Pripyat river catchment is illustrated by Fig.
2 where 137Cs vertical profiles are presented for individual soil cores collected on the same site close
to the abandoned village Benevka in Chernobyl exclusion zone (9 km NW of Chernobyl NPP ). Data for
the first 10 years after the Chernobyl accident were taken from the data base “RUNOFF” (Konoplev et
al., 2002). Fig. 3 presents one of characteristic vertical distribution of 137Cs in soil of the Pripyat river
catchment in 2017. It should be noted that the maximum of 137Cs concentration is still located in the top
2-cm layer of the soil.

Fig. 2. Dynamics of 137Cs vertical distribution
in soil at Benevka in Chernobyl exclusion
zone for 1986-2017
3.4

Fig. 3. 137Cs differential distribution in soil profile at
Benevka in 2017: measurements (points) against
“diffusion” model with D eff =0.7 cm2/year (line)

Model testing

The proposed diffusion-based semi-empirical model can be used to account for monitoring data on
long-term dynamics of both particulate and dissolved r-Cs in rivers of the Chernobyl contaminated areas
(Fig. 4).
The significant scatter in the experimental data on 137Cs concentrations in Pripyat river, particularly in
the first years after the accident, is attributed to the extremely non-uniform distribution of the
radionuclide on the catchment and occurrence of hot fuel particles.
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A

B
Fig. 4. Time dependence of annual mean particulate 137Cs activity concentrations (points) in Dneper
river at Nedanchichi (A) and Pripyat river at Chernobyl (B) for 1987-1999 against approximation by
equation (3) with D eff =0.5 cm2/year (line)
Fig. 5 shows application of the proposed diffusion model accounting for the changes in the dissolved
Cs activity concentration with time in Pripyat river and highly contaminated small river Sakhan in the
Chernobyl exclusion zone.
137

The above analysis shows that for time periods longer than 1 year the change in 137Cs concentration,
both dissolved and particulate, is determined by the change of its concentration in the soil upper layer.
This is illustrated by Fig. 6 showing experimental data on temporal changes of the fraction of 137Cs
inventory in the 2 cm top soil layer on the Pripyat catchment near the settlement Benevka in the
Chernobyl exclusion zone, its approximation using equation (3) and dissolved and particulate 137Cs in
Pripyat river at Chernobyl cross-section. As can be seen, both the dissolved and particulate 137Cs
activity concentrations are generally described by the presented dependence.

A
B
Fig. 5. Time dependence of annual mean dissolved 137Cs activity concentrations (points) in Pripyat
river at Chernobyl (A) and in Sakhan river at Novoshepelichi for 1987-2017 against approximation
by equation (7) (line)
It was shown earlier that a similar diffusion model can be used to account for long-term changes in
137
Cs concentration in closed lakes, though the key role in such a case is played by change of
radionuclide concentration in the bottom sediments upper layer (Bulgakov et al., 2002b).
The proposed approach of semi-empirical modelling would be interesting to apply to account for longterm dynamics of Fukushima r-Cs in water systems. At this point, however, published data are not
enough for detailed analysis of change of r-Cs concentration in Fukushima, since the time after the
accident is still relatively short. Fig. 7 compares the published data on dissolved 137Cs in the flowthrough mountain lake Onuma (Suzuki et al., 2018) with the simplified calculation dependence (7).
As can be seen, the proposed diffusion model generally accounts for the dynamics of dissolved 137Cs
concentration in the lake.
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Fig. 6. Time dependence of 137Cs inventory fraction in top 2-cm soil layer at Benevka on the Pripyat
river catchment (black circles), its approximation by Eq. (3) and dynamics of annual mean
concentrations of dissolved and particulate 137Cs in relative units in Pripyat river at Chernobyl in 19872017

Fig. 7. Time dependence of annual mean dissolved 137Cs in the flowing mountain lake Onuma after the
Fukushima accident according to Suzuki et al., 2018 (circles) and its approximation by Eq. (7) (line).
4

CONCLUSIONS AND RECOMMENDATIONS

The primary processes responsible for r-Cs decline in surface runoff and rivers are its relatively fast
selective sorption and fixation by clay mineral particles and vertical migration in soils on the catchment.
Both these processes are diffusion-based and can be described by inverse square root of time function.
The advantage of proposed “diffusion-based approach” is that all phases after the accident can be
described by the same equation with a limited number of parameters.
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For the first time, changes of particulate r-Cs concentration in rivers with time after the Chernobyl
accident have been examined. Temporal changes in the radionuclide vertical distribution in soil, and in
particular changes of its concentration in the upper soil layer, are controlling long-term changes in
particulate radionuclide concentrations in surface runoff and rivers. The analysis of available data on rCs dynamics in surface water after the Chernobyl and Fukushima accidents is indicative of benefits of
semi-empirical description based on diffusion model, in which case the same function with a limited
number of physically meaningful and valid parameters is used for middle- and long-term phases after
the accident
The proposed diffusion-based semi-empirical model, and especially its simplified versions, can be easily
used for long-term predictions in emergency response and decision support for the development of
remediation strategy on radioactively contaminated sites.
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